The primary metabolic route for D-xylose, the second most abundant sugar in nature, is via the pentose phosphate pathway after a two-step or three-step conversion to xylulose-5-phosphate. Xylulose kinase (XK; EC 2.7.1.17) phosphorylates D-xylulose, the last step in this conversion. The apo and D-xylulose-bound crystal structures of Escherichia coli XK have been determined and show a dimer composed of two domains separated by an open cleft. XK dimerization was observed directly by a cryo-EM reconstruction at 36 Å resolution. Kinetic studies reveal that XK has a weak substrate-independent MgATP-hydrolyzing activity, and phosphorylates several sugars and polyols with low catalytic efficiency. Binding of pentulose and MgATP to form the reactive ternary complex is strongly synergistic. Although the steady-state kinetic mechanism of XK is formally random, a path is preferred in which D-xylulose binds before MgATP. Modelling of MgATP binding to XK and the accompanying conformational change suggests that sugar binding is accompanied by a dramatic hinge-bending movement that enhances interactions with MgATP, explaining the observed synergism. A catalytic mechanism is proposed and supported by relevant site-directed mutants.
Introduction
The ability of an organism to metabolize D-xylose and some other pentoses is conferred by their conversion to D-xylulose-5-phosphate (X5P), a compound that is able to enter the non-oxidative branch of the pentose phosphate pathway. In eukaryotes capable of assimilating xylose, X5P is produced through the action of xylose reductase, xylitol dehydrogenase and xylulose kinase (XK; EC 2.7.1.17). The first two enzymes are replaced in prokaryotes with xylose isomerase, which interconverts xylose and xylulose directly. There has been much interest in metabolic engineering of the two pathway variants for the past two decades because of the possibility of fermenting the vast quantities of xylose in agricultural waste products to produce ethanol. 1, 2 These prospects have driven the study of the catalytic properties and substrate specificities of xylose reductase, xylitol dehydrogenase and xylose isomerase from many different sources. XK has been less well studied.
Physiological studies have shown that XK is essential for growth on xylose or xylulose and may limit the overall rate of pentose sugar utilization. 3 In addition to its role in xylose metabolic assimilation, its activity with the alternative substrate 1-deoxy-D-xylulose 4 implicates it in the biosynthesis of terpenoids, 5 thiamine 6 and pyridoxal. 7 The enzyme from several prokaryotes and lower eukaryotes, including Escherichia coli, yeasts and fungi, has been studied and XK activity has been identified in higher eukaryotes. 3, 8, 9 On the basis of amino acid sequence similarity, the 53 kDa E. coli XK (ecXK), encoded by the xylB gene contains an ATPase fingerprint consisting of five conserved regions found in a large group of proteins, including sugar kinases, actins, and heat shock proteins. 10 Structurally, superfamily members consist of two domains, I and II, which are separated by a cleft forming the active site. Generally, members bind ATP and catalyze the hydrolysis of the γ-phosphate group or its transfer to a substrate such as a sugar hydroxyl group. Catalysis is preceded by a domain closure that is induced by substrate binding, as exemplified by the induced-fit mechanism of yeast hexokinase. 11 Phospho-transfer is promoted by two highly conserved aspartate residues. One is located in the N-terminal region of domain I and interacts with the ATP-associated Mg 2+ . It is invariant across superfamily members and belongs to a signature sequence that identifies them. 12 The second aspartate appears to function as a general base, activating the nucleophile for attack.
When the entire sequence is examined, ecXK is most similar to a family of carbohydrate kinases phosphorylating fucose, glucose, glycerol and xylulose. Of these, X-ray crystal structures of glycerol kinase (GK) from E. coli (ecGK) and Enterococcus casseliflavus have been reported, and detailed relationships between structure and function have been determined for GK. 13, 14 Like many other members of the family, the activity of GK is regulated by binding of small ligands (fructose-1,6-bisphosphate) as well as by interactions with other proteins (the glucose-specific phosphocarrier protein III Glc ). 15 The enzyme from E. casseliflavus can be covalently phosphorylated at His232, resulting in a substantial activation. 14 Details surrounding XK kinetic and structural properties have often been inferred from these related enzymes. These include a substrateinduced conformational change creating a highaffinity ATP-binding site that has been implied but never observed in the carbohydrate kinases, and which has kinetic consequences. 16, 17 The oligomeric state of XK is unclear but important, since other family members such as ecGK can be regulated by effector-modulated oligomerization. The kinetic mechanism of XK has not been established, and precedents within the family are mixed, with some members binding substrates in an ordered manner while others are random. A comprehensive quantitative evaluation of substrate specificity for the enzyme has not been done. To shed light on these and other mechanistic issues, a combined structural and kinetic analysis of XK from E. coli is described here.
Results and Discussion
Overall structure
The structure of ecXK in the apo form has been determined at 2.7 Å resolution using multiple isomorphous replacement phasing. The apo structure was used to phase a xylulose-bound structure at 2.1 Å. This model consists of two protein molecules (A and B) that form the asymmetric unit, each consisting of residues 1-334 and 343-484 of the 484 predicted. There was no electron density corresponding to the region 335-342. There are also 310 water molecules that are observed in the asymmetric unit. The average temperature factor is 37.9 Å 2 for molecule A and 44.2 Å 2 for molecule B. Modelling and more detailed structural analysis therefore focused on molecule A. The root-mean-square deviation (rmsd) between the α-carbon atoms of each monomer is 0.95 Å, with no major difference. A Ramachandran plot generated by PROCHECK indicates 90.3% of non-glycine residues in the core regions, 9.0% are in additionally allowed regions and 0.7% are in generously allowed regions. 18 Each monomer of ecXK is 76 Å × 46 Å × 56 Å and is composed of two major domains (I and II) connected by a hinge segment composed of residues Ala294 to Asp299 (α-helix α11) (Figure 1 ). Positive F o -F c density was found in the active site on both monomers, which was interpreted as a xylulose molecule. Statistics associated with the final refinement are shown in Table 1 .
Using a VAST search to screen the Protein Data Bank (PDB), the ecGK structure was found to be the most homologous structure and ecXK was indicated to share structural features with the other members of the ATPase superfamily. 19 The two enzymes have only 20% sequence identity, but an overlap of the domains individually indicates they are structurally homologous. An rmsd of 1.6 Å was calculated between 264 residues in domain I and 2.0 Å for 153 residues in domain II. Other structures including 3-phosphoglycerate kinase, hexokinase and NAD kinase share the same overall ATPase scaffold, with two domains linked with a hinge region. [20] [21] [22] As described for the ecGK structure, domain I is primarily responsible for sugar substrate binding and domain II is mainly involved in ATP binding. 23 Substrates bind deeply in the cleft formed between these two domains. These domains can be divided into subdomains, where IA and IIA form the ATPase core (Figure 1(a) and (b)) of ecXK, and subdomain IB forms part of the xylulose binding site. Subdomain IIB is involved in the intermolecular interface of the ecXK dimer, mediated by β-sheets β18 and β19 (Figures 1(a) and 2(a) ). As observed in ecGK, subdomain IA contains the conserved catalytic residues and is responsible for the phospho-group transfer function.
Regulation of carbohydrate kinase members
In ecGK, fructose 1,6-bisphosphate inhibits the enzyme by creating an inactive tetramer from two active dimers by mediating interactions between an extended loop from each domain I across the O/X and Y/Z interfaces (Figure 2(a) ). 15 The binding site is formed primarily by Gly233, Gly234 and Arg236 located on each side. ecXK has no known allosteric regulator, and a comparison shows that the O/X and Y/Z interfaces of ecGK and a hypothetical ecXK tetramer are different.
14 In ecXK, the corresponding region is structurally different from ecGK with a short α-helix substituted for the loop (Figures 2(a)  and 6 ). Also, none of the residues involved in the tetramer formation in ecGK is found in ecXK, including Arg236 (Thr224 in ecXK), which has been described to be important for the tetramerization ( Figure 6 ). 15 The two molecules in the crystallographic asymmetric unit do clearly maintain the dimeric contact found between the O/Y and X/Z ecGK dimers, which are present along the vertical axes in Figure 2 (a). 15 The ecXK dimeric interface is composed primarily of an antiparallel β-sheet contact composed of residues 345-359 (Figures 2(a) and 6 ). This is structurally homologous with what is found in ecGK subdomain IIB. Residues composing the β-sheet and mediating the interface are 80% identical between ecGK and XK. This is also a well-conserved region across the kinase family, implying other members are dimeric as well.
There are alternative modes of regulation found in other sugar kinase members, particularly GK. Phosphorylation of His232 in E. casseliflavus GK, which is present in a loop mediating the O/X interface ( Figure 2(a) ), has been found to activate the enzyme. The phosphotransferase system is known to regulate ecGK allosterically via interactions with the phosphocarrier protein IIA Glc . Xylose and xylulose are not recognized by this system, and the IIA Glc binding site on the carboxyl terminus of GK is not conserved in sequence or structure in ecXK.
Oligomeric structure
Since ecXK appeared to be a tenuously associated dimer in the crystal structure, cryo-electron microscopy with 3D map reconstruction was used to confirm this arrangement in solution. Figure 2 (b) shows projection structures of ecXK in different orientations. The low molecular mass of protein made particle selection difficult, but the class averages in Figure 2 (c) clearly document the dimeric nature of ecXK. In order to increase the signal-tonoise ratio, class averages were calculated and used for the 3D reconstruction (Figure 2(b) -(e)). The final reconstruction was limited to 36 Å resolution (Figure 2(d) and (e)). The docking of the ecXK dimer (Figure 2(d) and (e)) into the 3D density map strongly supports the dimeric arrangement observed in the crystal structure. A real space correlation coefficient of 85.5% was calculated by overlapping 36 Å maps, which indicates a high level of agreement. The ecXK dimeric state was further confirmed by gel filtration and a dynamic lightscattering experiment, which showed a molecular mass of 110 kDa (data not shown).
Conservation of the XK ATPase core structure
Subdomains IA and IIA form the ATPase core, and they each contain a five-stranded β-sheet flanked by three α-helices (Figure 1 ). This architecture has been observed in other superfamily members, such as ecGK, yeast hexokinase, actin and the DNase domains of hsc70 and DnaK. 12, 13, 24, 25 Catalytic residues are also well conserved among the superfamily, including two conserved aspartate, glutamate, or glutamine residues at the active site that have key roles in the catalytic mechanism ( Table 2 ). The first of these functions as a general base, assisting the removal of a proton from the attacking hydroxyl group (Asp233 in ecXK). The second is an aspartate residue in domain I, which interacts with the Mg 2+ complexed with the nucleotide (Asp6 in ecXK). The positions of the aspartate residues are very similar when ecXK is overlaid with structures of the rabbit actin (PDB accession number 1QZ5), the yeast apo-hexokinase PII (1IG8), the E. coli DnaK (1DKG) or ecGK (1GLF). Residues expected to be responsible for specificity are spatially divergent, and none of the residues involved in the xylulose binding in ecXK is found in the human hexokinase type 1 complexed with D-glucose (1HKC).
Substrate specificity
Apparent kinetic parameters of ecXK for the phosphorylation of D-xylulose, D-ribulose, D-arabitol and xylitol are summarized in Table 3 . In the absence of substrate, ecXK has a weak but significant ATPase activity, for which kinetic parameters are shown. This ATPase activity, recorded at a fixed concentration of MgATP of 5 mM, was inhibited strongly (13-fold) in the presence of the non-phosphorolysable inhibitor 5-F-xylulose (0.18 mM), suggesting that hydrolysis of ATP in the absence of substrate is an inherent property of ecXK and does not result because of contamination of the enzyme preparation with another ATPase. The results in Table 3 reveal a relatively relaxed substrate specificity of the enzyme. However, in k cat /K m terms, D-xylulose is either preferred or strongly preferred over the other substrates tested. Up to 1300-fold changes in catalytic efficiency are observed in response to alterations of substrate structure ( Figure 3 ) and reflect mainly increases in the apparent Michaelis constant. The value of k cat , in ) and (e) Two views of the surface-rendered density map from cryo-EM limited to 36 Å resolution with and without the dimeric crystal structure superimposed. The surface threshold for the display of the 3D density map was chosen so that the included volume corresponds to 105.2 kDa, assuming a protein density of 0.82 Da/Å 3 (1.35 g/ml) and displayed using UCSF Chimera. 55 contrast, was almost constant across the substrate series, suggesting a common rate-determining step in the reaction of ecXK with the different compounds. The marked 50-fold decrease in k cat /K m caused by inversion of C3 chirality in xylulose to ribulose shows the high stereochemical selectivity of XK (Table 3) . Replacement of the C2 carbonyl group of xylulose by an L-configured hydroxyl group in Figure 2 (legend on opposite page) xylitol brought about an even larger 460-fold decrease in catalytic efficiency. In addition, it caused a complete loss of synergism in the apparent binding of substrate and MgATP. Using the apparent Michaelis constant for the ATPase reaction of ecXK as reference, MgATP was 41-fold more tightly bound when xylulose was present at a saturating concentration. The model of the ecXK ternary complex provides explanations for these kinetically determined effects, showing a sugar-dependent domain closure. A significant level of synergism was observed also in the binding of the dead-end inhibitor 5-F-xylulose and MgATP. 5-F-xylulose is a linear competitive inhibitor with respect to xylulose. The value of K ic for the inhibitor decreased ≈6-fold in response to a 30-fold increase in the fixed concentration of MgATP from the K mATP level to a saturating level (Table 4) . Interestingly, binding of xylulose and AMPPNP, a linear competitive inhibitor with respect to MgATP, was not synergistic ( Table 4 ), suggesting that the dead-end inhibitor differs from MgATP in properties essential for the ligandinduced crosstalk of the ecXK domains. The substrate selectivity and the resulting synergistic binding of ATP are explained by the results of modelling experiments, in which the ternary complex was modelled with both ATP and xylulose using the structure of the ecGK ternary complex as the basis (described below).
Kinetic mechanism of XK from initial rate and dead-end inhibition patterns
The steady-state kinetic mechanism of ecXK was examined by determining initial rate patterns. A double-reciprocal plot of initial rates recorded at various concentrations of D-xylulose at several constant concentrations of MgATP shows an intersecting pattern (Figure 4(a) ), implying that D-xylulose and MgATP must bind to the enzyme before the first product is released. Dead-end inhibitor-binding studies were used to determine the order of substrate addition in the sequential kinetic mechanism of ecXK ( Table 4) Figure 4 (c). These results suggest a kinetic mechanism of ecXK. The presence of ATPase activity in the absence of substrate indicates that the mechanism is probably formally random but a path in which substrate binds before MgATP is strongly preferred. In a predominantly ordered mechanism, binding of a dead-end inhibitor (I = AMPPNP) that is competitive with respect to the second substrate (B = MgATP) is expected to give uncompetitive inhibition with respect to the first substrate (A = xylulose). The proposed mechanism explains substrate inhibition by MgATP induced by 5-F-xylulose due to formation of an abortive E-I-B (I = 5-F-xylulose) complex that prevents release of the inhibitor, as shown in Figure 4 (d). In a fully random mechanism, substrate inhibition by B is not observed under the conditions in Figure 4 (c) because the inhibitor dissociates readily from the E-I-B complex, resulting in E-B, which is free to combine with A to yield products. The results reveal that ecXK shares kinetic properties with E. coli ribulokinase 26 and yeast hexkinase. 27 ecGK was reported to have a random kinetic mechanism, 28 and ribulokinase from Klebsiella aerogenes appears to use a steady-state random mechanism. 29 Initial rates shown in Figure 4 (a) were fit with equation (2) and kinetic parameters are summarized in Table 5 . The apparent dissociation constants for the binary complexes of ecXK with xylulose (K iA ) and 5-F-xylulose (K ic determined at a non-saturating concentration of MgATP) are similar, indicating that the fluorine can substitute well for the reactive hydroxy group in the initial substrate-binding recognition. This is an important result in view of the proposed mechanistic scenario for ecXK and related members of this family of carbohydrate kinases (see below for details), which probably involves activation of the 5-OH through proton abstraction by a catalytic base. The fluorine obviously could not replace the original hydroxyl group if binary complex interactions involved a hydrogen bond from the 5-OH to the base. The findings suggest that formation of the ternary complex is required to align the catalytic groups correctly on the enzyme and the reactive parts of the substrates.
The predominantly ordered mechanism of ecXK implies that the value of k cat /K m essentially reflects the bimolecular rate constant of substrate binding (k on ) to the free enzyme. k on therefore governs the sugar substrate selectivity (Table 3) , probably through a conformational mechanism. The relative constancy of k cat under conditions when k on changes more than 5000-fold suggests that ternary complex interconversion is the rate-determining step of the reaction (Table 3 and Figure 4) .
Conformational changes and substrate binding
Substrate-induced conformational changes in sugar kinases has been implied by the observed cooperative binding of substrates in many of them, and the observation that there is restricted solvent accessibility in structures of bound substrates. Domain motions of the order of only 7°have been observed when comparing wild-type and mutant enterococcal GK, 14 which are different from the 12°movement observed for the more distantly related hexokinase. 30 The apo and xylulose-bound structures coupled with modelling indicate that the domain closure in ecXK is dramatically greater than movements seen in closely related carbohydrate kinases. Overlaying the N-terminal domains of the unbound and xylulose-bound ecXK shows that xylulose binding induces a 12.2°closure, which increases when ATP binds in modelling experiments (see below). The second molecule in the asymmetric unit of the apo enzyme structure is actually closed 1.0°relative to the xylulose-bound form, indicating that there is conformational flexibility. Similar flexibility is found in the case of human glucokinase, which exists in three different forms: super-open, open and closed. 31 The enzyme undergoes a conformational change from the super-open to the openform when glucose binds, and then to the closedform in the presence of ATP. Assuming that the mechanism of synergistic binding described for human glucokinase can be applied to ecXK, the apo form may represent the super-open form and the xylulose-soaked structure corresponds to the open form.
A comparison of the apo and xylulose-bound forms of ecXK shows that the helical segment 294-299 (in α11) in domain IIA (Figures 1(a) and (b), 5(e) and 6) acts as a hinge. Although there is no significant structural effect of hinge movement on domain I (C α rmsd between apo and xylulosebound structures is only 0.75 Å), effects are seen on domain II (rmsd of 3.7 Å). The movements in domain II involve a rigid-body motion toward the domain I along with a slight 5°yaw across an axis between the N terminus to the C terminus of the structure ( Figure 5(a) ). The domain motion also induces a closure at the bottom of the cleft by bending the four parallel β-strands of domain IIA that are part of the interface between domains IA and IIA (Figures 1(a) and (b), and 5(a)).
To determine conformational changes associated with ternary complex formation, XK crystals were soaked with xylulose and ATPγS but rapidly dissolved, probably reflecting a change disrupting the lattice. Modeling was done to close xylulosebound ecXK using the closed, ternary complex of ecGK as a template. This yielded a model in which the domains are now 37°closed relative to the apo form. Hydrogen bonding interactions mediating xylulose binding come from the side-chains of His78, Asp233, Asn234 and the Met77 backbone Figure 5(c) ) but the residues in the triphosphate binding site are more variable and none of the ATP binding residues are conserved in ecXK. 23 Modelling ATP binding is therefore more difficult but plausible hydrogen bonds with Asp6, Thr9 and Asp233 in domain IA and Thr255, Asp299 and Pro311 in domain IIA may bridge the cleft ( Figure 5(d) ). In the model of the closed ternary complex, 4% of the 284 Å 2 surface of the sugar is solvent-accessible and this increases to 14% when the ATP molecule is removed, consistent with the kinetically ordered mechanism.
Catalytic mechanism of ecXK
Structural overlays indicate Asp6 and Asp233 of ecXK are homologous in their positions to Asp10 and Asp245 of ecGK. 23 A crucial role of Asp6 and Asp233 in the ecXK catalytic mechanism can be inferred from biochemical studies of relevant mutants (D10N, D245N) of ecGK as well as from the conservation pattern of the two residues in members of the carbohydrate kinase family. 32 Analysis of kinetic consequences in D6A and D233A variants confirmed that both Asp residues are essential for ecXK activity. Enzymatic rates of phosphorylation of xylulose were at the limit of detection, ∼4.5 orders of magnitude below the level of wild-type activity. The substrateindependent ATPase activity seen in the wild-type (Table 3) , however, was much less affected than the phospho-group transfer activity in the D233A mutant (k cat = 0.13(±0.01) s −1 ; K mATP =8.2(±1.2) mM) which displays a ∼2-fold increase in the original value of k cat for this activity. The ATPase activity of the D6A mutant (k cat ≈ 0.0038 s −1 ), by contrast, was decreased significantly (19-fold), compared with the wild-type activity. Results of structural analysis, modelling and sitedirected mutagenesis suggest a mechanism for ecXK that is consistent with mechanisms for other family members, such as ecGK, and reveals new details (Figure 7) . A conserved role of the side-chain of Asp6 in coordinating and positioning MgATP for catalysis is supported for ecXK. An additional function served by Asp6 (in concert with Mg 2+ ligated by it) might be the stabilization of the ADP leaving group during phospho-group transfer to sugar or water.
The role of Asp233 is to deprotonate the Dxylulose hydroxyl group at the 5 position, activating it for nucleophilic attack on the phosphate. The main-chain NH group from Thr9 could stabilize the transition state and the associated negative charge development on O5 through a hydrogen bond (Figure 7) . The relative timing of bond-forming and bond-cleaving steps in the phospho-group transfer catalyzed by kinases and hydrolases, as well as the question of whether the transition state has a rather dissociative or associative character, have attracted much attention among enzymologists and is still under debate. The extent to which base catalysis contributes to stabilization of the transition state depends on the nature of bonding in it. Bond cleavage in the leaving group at little or no bond formation in the incoming nucleophile dominates in the dissociative transition state, which is characterized by a decrease in the combined bond order to the incoming and departing groups. In that extreme case, base catalysis for the removal of a proton would provide no significant advantage. The 10 4.5 -fold loss of activity in D233A and the chargestabilizing hydrogen bond from the backbone amide of Thr9 would suggest a significant nucleophilic participation of the 5-OH in the transition state. The replacement of the putative catalytic base in related kinases showed a range of effects, but typically ≥10 2.7 -fold losses of activity, irrespective of the character of the residue introduced by the mutation. Although it is possible that Asp233 and its homologues in other kinases are involved in the correct positioning of the reactive hydroxyl group for nucleophilic attack, the magnitude of the functional disruption caused in the mutants suggests direct participation in catalysis, as a base, to be the major role of them.
Materials and Methods
Materials D-Xylulose (≥95% pure) was produced by microbial oxidation of D-arabitol. 33 5-F-D-Xylulose was synthesized as described, 34 and kindly provided by Professor Arnold Stütz from the Institute of Organic Chemistry, Graz University of Technology. All other reagents were from Sigma or Merck.
Cloning, protein expression and purification
The ecXK gene (xylB) was PCR-amplified from E. coli genomic DNA using the primers 5′-GCTAGTCCATATG-TATATCGGGATAGATCTT-3′ and 5′-ACTGCCCGGGCG-CCATTAATGGCAGAAGTTG-5′ (NdeI and SmaI sites are underlined). The resulting fragment was inserted into the plasmid pTYB2 (New England Biolabs) to yield the final bacterial expression vector, which was sequenced to ensure no mutation was present. Recombinant ecXK was produced in fusion with plasmid-derived intein and chitin-binding domains in the E. coli expression strain BL21*. Wild-type protein was expressed in LB with 100 μg/ml of ampicillin and induced with 500 μM IPTG for 12 h at 15°C. Cells were harvested 12 h after induction, lysed using a microfluidizer and the lysate was clarified by centrifugation at 9000g for 15 min. The fusion protein was passed over a chitin column and washed with at least 20 column volumes of buffer A (20 mM Tris (pH 8.0), 500 mM NaCl, 0.1 mM EDTA) supplemented with 0.1% (v/v) Triton X-100 followed by 20 column volumes of buffer A alone. Protein was cleaved from the column by incubating for 12 h in buffer A with 50 mM 2-mercaptoethanol. ecXK was eluted in buffer A, dialyzed into 20 mM Tris-HCl (pH 8.0), and further purified by anion-exchange chromatography on a quaternized polyethyleneimine HQ column using a BioCad Sprint system. A 0-3 M NaCl gradient was applied and ecXK eluted at a salt concentration of 0.45 M. The purified protein was exchanged into 20 mM Hepes (pH 7.4), 20 mM NaCl and concentrated to 2 mg/ml (for kinetic studies) or 26 mg/ml (for crystallization). Preparations of wild-type and mutant enzymes migrated in denaturing SDS-PAGE as single protein bands to identical positions that were fully consistent with the expected molecular mass of 53 kDa for the full-length ecXK protomer (data not shown).
Calibrated gel-filtration experiments were carried out on a BioCad Sprint chromatography system using a Superdex 200 HR 10/30 column. The column was equilibrated with PBS (4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 (pH 7.3), 137 mM NaCl, 2.7 mM KCl) and loaded with purified XK at 0.3 mg/ml. Elution was carried out at a flow-rate of 0.5 ml/min.
Site-directed mutagenesis
The D6A and D233A mutations were created with a two-stage PCR protocol using the expression vector as the template. 35 In the first step, two separate primer extension reactions were performed using the forward oligonucleotide primers: 5′-ATGTATATCGGGATAGCGCTTGGCA-CCTCG-3′ for D6A and 5′-GCAGGCGGTGGCGCGAAT-GCAGCTGGTGCAGTTGG-3′ for D233A and their complementary sequences (mismatched base-pairs are underlined). Each 50 μl reaction mixture contained 30 ng of template DNA, 15 pmol of each primer, 240 μM each dNTP and three units of Pfu DNA polymerase (Promega) in reaction buffer. Four cycles of separate amplification (95°C for 50 s, 60°C for 50 s and 68°C for 10 min) were followed by 18 identical cycles of amplification of the combined reaction mixtures. The final extension phase was 7 min at 68°C. After digestion of the template DNA with DpnI, the amplified plasmid vectors (10 μl) were used to transform E. coli TOP10 cells. Plasmid DNA from positive clones was sequenced entirely. Production and purification of ecXK mutants was performed as described above for the wild-type. 
Crystallization and data collection
Purified ecXK was crystallized at 25°C by the hangingdrop, vapour-diffusion method. Drops containing 1 μl of 26 mg/ml protein solution were mixed with 1 μl of the precipitant solution (50 mM sodium citrate (pH 6), 1.5 M ammonium sulphate, 1% (w/v) t-butanol) and suspended over a 1 ml reservoir containing the precipitant solution. Crystals used in data collection were transferred to a cryoprotectant solution consisting of 75% (v/v) precipitant solution, 25% (v/v) ethylene glycol, and flash-cooled in a stream of liquid nitrogen at 110 K. ecXK crystals belonged to the space group P2 1 2 1 2 1 with unit cell dimensions of a = 61.5 Å, b = 112.3 Å, and c = 142.4 Å. Similar conditions were used for the xylulose-bound form, with the exception that 0.5 M xylulose was added to the harvest buffer. Native data for both enzyme forms were collected at beamline 9-1 at the Stanford Synchrotron Radiation Laboratory (SSRL) at 110 K using an ADSC CCD detector (Table 1) .
Phasing, structure determination and refinement
Attempts at molecular replacement using various unmodified and modified GK models as a search object were not successful for phasing the apo structure, so de novo phasing was pursued. Derivative data were collected on a Rigaku R-AXIS IV. All of the data were reduced using the programs DENZO and SCALEPACK, and non-negative intensities were used for phasing and refinement. 36 Heavy-atom refinement, density modification and phasing calculations were performed using the CCP4 package. 37 Figures of merit before and after solvent flattening were 0.55 and 0.66, respectively, at 3.0 Å.
Before refinement, 4% of the reflections were flagged for the calculation of R free . Water molecules were automatically picked in REFMAC5 and checked manually. Several rounds of crystallographic refinement and manual fitting and refitting using the programs CNS, REFMAC5, O and COOT produced the final model, 38, 39, 40 with an R cryst of 0.197 and R free of 0.259. The statistics associated with the final round of refinement are summarized in Table 1 .
Dynamic light-scattering
Dynamic light-scattering experiments were performed on a Protein Solutions DynaPro 99 molecular sizing instrument. The protein concentration was approximately 1 mg/ml in 10 mM Hepes (pH 7.4).
Kinetic assays
All initial rate measurements were performed with a Beckman Coulter DU 800 UV/Vis spectrophotometer equipped with a temperature-controlled cell holder. ecXK activity was determined with a continuous assay (at 25(±1)°C) in which the ecXK-catalyzed production Figure 5 (legend on previous page) of ADP was coupled to the oxidation of NADH via reactions catalyzed by pyruvate kinase (PK) and lactate dehydrogenase (LDH). The depletion of NADH was monitored, typically for 10 min, as the decrease in absorbance at 340 nm (ε NADH = 6220 M −1 cm −1 ). Unless stated otherwise, reactions were performed in 50 mM Hepes (pH 7.4), 10 mM MgCl 2 , 50 mM KCl, 0.3 mM NADH, 1 mM phosphoenolpyruvate, 3 units/ml of PK and 5.4 units/ml of LDH. BSA (1 mg/ml) was added as an essential stabilizer of XK; concentrations of the monomer were adjusted to 50-260 nM to give rates in the range 0.005 and 0.1 ΔA 340 /min. The standard assay contained 5 mM ATP and 4.3 mM xylulose. For the determination of kinetic parameters, substrate concentrations were varied as indicated in Results. The ATPhydrolyzing activity of ecXK was measured using ATP, at 10 mM or in the indicated concentrations, as the sole substrate. Reactions were always started by adding Figure 6 . Pairwise sequence alignment of ecXK and ecGK. Green designates residues involved in tetramer formation in ecGK; yellow, the ecXK hinge segment; red, the dimeric interface of both ecXK end ecGK. 
Competitive and uncompetitive dead-end inhibition patterns were fitted with equations (3) and (4), respectively, where [I] is the concentration of the inhibitor, and K ic and K iuc are the corresponding inhibition constants.
Molecular modelling and protein domain motion analysis
The ecXK holo model with both ATP and xylulose was generated based on the ecGK crystal structure in the closed conformation, bound with adenosine-5′-(β,γ-difluoromethylene) triphosphate, glycerol and Mg 2+ (PDB 1BWF). COOT was first used to overlay domain I of the xylulose-bound ecXK in the open conformation and holo ecGK structure in the closed conformation. 39, 41, 42 This domain contains the ecGK catalytic residues Asp10, Thr13, Arg17 and Asp245, which were aligned with the analogous residues in ecXK: Asp6, Thr9, Lys13 and Asp233. 15, 23, [43] [44] [45] ATP was positioned manually using COOT in the holo ecXK model based on this structural overlay. The xylulose was held in place based on the refined ecXK xylulose-bound open conformation structure. To generate a model of the open ternary complex, three rounds of both Cartesian restrained dynamics at 200 K and restrained energy minimization cycles using CNS were performed until ΔE < 0.05 kJ mol −1 Å −1 .
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A model of the ecXK ternary complex in closed conformation was created using SwissPDB-viewer with ecGK (PDB 1BWF) as template. 45 A pairwise alignment of both ecXK and ecGK sequences with ClustalW 1.83 was used as a guide to superimpose the ecXK open structure onto the ecGK closed structure. 19 Two rounds of energy minimization using CNS were performed to relieve possible steric clashes and overlaps. The xylulose position was derived from the refined ecXK open conformation structure. The procedure described above was applied to generate models of both open and closed forms of the ecXK-ATP-xylitol complex.
Dyndom software from the CCP4 package was used to determine domains, hinge axes and hinge-bending residues in apo ecXK by comparison with the crystal structure of ecGK in the closed conformation (PDB 1BWF). 46 The Hingefind algorithm was used with VMD 1.8.4 (MacOS X) to estimate the rotation angle of domain II toward domain I of ecXK. 47, 48 Since the Hingefind algorithm requires two structures with the same number of atoms, only the ecXK open structure and ecXK closed (model) was used. This gave a good estimate of the possible domain motion closure assuming ecXK and ecGK close in a similar manner. Accessible surface and volume calculations were done using both CNS v1.1 and areaimol (CCP4 package ) with a solvent probe radius of 1.4 Å. 38 Electron microscopy and image processing ecXK (3.5 μl of 0.5 mg/ml) was applied to a holey carbon film-coated electron microscopy grid (Quantifoil Micro Tools GmbH). The grid was blotted and quickfrozen by plunging into liquid ethane. The vitrified sample was mounted in a Gatan cryo sample holder and transferred to the microscope, a JEOL JEM 2100F Figure 7 . The proposed catalytic mechanism for XK. operated at 200 keV. 49 Images were recorded at a nominal magnification of 50,000× under minimum-dose procedures on a Tietz 4096 × 4096 pixel CCD camera. A total of 487 particles were selected from 26 micrographs using the EMAN Boxer program. 50 All the subsequent image processing was performed with the SPIDER program. 51 The first 3D model was generated from two side views and one top view, which came from reference-free alignment and classification 52 and then was blurred, thresholded and projected into a set of angle directions to produce references. The particles were then iteratively re-aligned onto the 50 class averages with a multi-reference alignment procedure, class-internally reference-free aligned and averaged. Class averages from the 39 classes that included more than three particles were used for the following 3D reconstruction, applying a 2-fold symmetry to the reconstructed volume. In the first five iterations of 3D reconstruction, the model was masked by a sphere with the radius of 8 nm and 12∼18 class average images were excluded due to low correlation coefficients when compared to the initial model. In the next 30 iterations, a lower correlation coefficient threshold was applied, so that only two class average images were excluded from the final 14 iterations, due to their lowest correlation coefficients when compared to the model. The 3D model converged to a stable final model. The resolution was determined by Fourier shell correlation between two reconstructions from two half-sets of class averages, employing a 0.5 criterion. 53, 54 The X-ray structure was not used during the entire electron microscopy image processing, except to determine the handedness of the final reconstruction.
Protein Data Bank accession numbers
Coordinates and structure factors have been deposited into the Protein Data Bank under the accession numbers 2NLX (apo form) and 2ITM (xylulose-bound form).
